We developed a fully automated magnetic field scanner dedicated to uniaxial magnetic field measurements to determine remanent magnetization intensities and their variations in sedimentary U-channels. A fluxgate magnetometer located as close as possible to the sedimentary section is used to perform uniaxial measurements of magnetic fields generated by the isothermal remanent magnetization of the sediment. This artificial magnetization, which is known to be a powerful proxy in environmental magnetism, is produced perpendicular to the U-channel long axis, and parallel to the fluxgate axis, using a Halbach cylinder prior to the measurement. The present magnetic scanner offers a maximal spatial resolution of 5.8 mm for point sources. A spatial resolution of 14 mm is obtained for U-channel samples. The magnetic scanner presents a reliable magnetic field range over about 3 orders of magnitude allowing measurement of magnetizations that saturate the Superconducting Rock Magnetometer in its classical configuration. The estimation of remanent magnetization intensities along the U-channel is based on a modeling approach that uses successive uniformly magnetized prisms. In lacustrine laminated sections, comparison between modeling results based on prisms of a constant thickness, on prisms determined from sedimentary facies, and on prisms determined from X-ray fluorescence data helps to understand the detrital versus diagenetic history of the sedimentary succession.
Introduction
Most of the rock magnetic and paleomagnetic investigations are nowadays performed using Superconducting Rock Magnetometers (SRM). Despite their ability to detect magnetic moments below 10 −11 Am 2 , superconducting probes saturate above 5 × 10 −5 Am 2 (Figure 1 , left) in their classical configuration, that is, for pass-through SRM with an inner diameter of 40 mm. In addition, those standard pass-through magnetometers, due to the distance (several centimeters) between pickup coils and sample, have a large response function that does not offer an optimal spatial resolution ( Figure 1, right) . Indeed, the large-volume integration of the signal leads to important convolution when measuring continuous sections. If the saturation problem can be easily overcome on discrete samples using spinner magnetometry, saturation and low spatial resolution are difficult to overcome for continuous measurements. Indeed, the degraded spatial resolution due to the convolution of the signal along the long axis of the measured section is a key problem that has challenged the scientific community for decades (Dadson et al., 1974) and even the most recent and sophisticated deconvolution algorithms (Oda & Shibuya, 1996; Oda & Xuan, 2014) and softwares (Xuan & Oda, 2015) are not able to completely solve the problem. Apart from discretization of continuous sections, a better spatial resolution of measurements decreases the volume integration and consequently minimizes the convolution. In order to offer a complementary measurement tool dedicated to artificially produced high magnetic moments and to optimize spatial resolution, we developed a fully automated scanner equipped with a fluxgate probe located as close as possible to the measured sections (sedimentary U-channels) and perpendicular to their long axis to measure the local magnetic field generated by the magnetized sample. The triple advantage of the fluxgate probe is its large dynamic range (more than 3 orders of magnitude, mainly controlled by the 12-bit A/D converter), the lack of saturation and the vicinity to the sample that optimizes the spatial resolution. Using a simple geometry, we focus on uniaxial measurement of the magnetic field generated by an isothermal remanent magnetization (IRM) acquired along the same direction as the fluxgate axis, that is, parallel to the sedimentary bedding. IRM is a proxy for the concentration of ferromagnetic particles, which is often used to estimate the detrital input and/or diagenetic processes in sediments (Dunlop & Özdemir, 1997) . Measuring this uniaxial signal simplifies the relationship between the measured magnetic field and sample magnetization. In the case study presented hereafter and led on lacustrine sediments, sedimentological and X-ray fluorescence (XRF) data were used to better constrain the modeling and to evaluate the influence of detrital input and/or authigenesis on magnetic concentration.
Description of the Uniaxial Fluxgate Scanner
The uniaxial fluxgate probe (model FL1-100, Stefan Mayer Instruments) is placed as close as possible to the U-channel. The fluxgate driving circuit is detached from the sensor head to optimize the mechanical arrangement. The measuring axis is perpendicular to the long axis of the U-channel (Figure 2a ) in order to measure the local magnetic field generated by the sediment. To reduce ambient magnetic field variation, the measurement zone is enclosed in a two-layered mu-metal cylinder with inner diameter of 70 mm and length of 150 mm. The entire equipment is oriented perpendicular to the Earth magnetic field so that the residual magnetic field in the measurement zone without sample is around 200 nT. This residual magnetic field is systematically measured and subtracted from the data presented hereafter. The drift can be neglected: it is~0.35 nT during measurement along 1 m performed in~55 s. The noise level within the mu-metal shield during measurement process is ±10 nT (max-min; Figure S1 ).
The fluxgate sensor was calibrated using Helmholtz coils and a well-calibrated fluxgate sensor from Applied Physics (three-axis fluxgate model 520). It turns out that both probes show a quasi-perfect one to one relationship up to a magnetic field of 35 μT (Figure 2b ). Above this magnetic field, the relationship is still linear but with a different slope, which can be corrected by a simple calibration function. This correction has not been done since no field values above 35 μT are expected for sediments even for those that were artificially magnetized (see section 3.2).
The fluxgate probe is integrated within a duralumin bench sized for 1.5-m-long U-channel (total length = 3.5 m). The sample is mounted on a 300-μm-thick plastic tray driven by a stepper motor and a Kevlar wire. A stepper motor (M in Figure 2a ) moves the sample to the right-hand side of the figure. The left-hand-side limit and the right-hand-side limit of the stage, where the motor stops, are detected by optical sensors at both ends. Since the position of left-hand-side limit has a problem of hysteresis in positioning due to the wire elasticity, we defined a theoretical zero position about 1 cm right from the left-hand-side limit. This initialization process applies a tension to the wire and reduces the positioning error. To estimate this error, we conducted 10 runs of magnetic field scanning of a small cubic basalt sample (1 mm 3 ) subjected to IRM acquisition parallel to the measurement direction using a field of 3 T produced by a pulse magnetizer (model MMPM9, Magnetic Measurements). The polynomial fits of the 10 runs of scanning (0.5-mm step) show that the absolute positioning error and the standard deviation of the positioning are 0.89 and 0.262 mm, respectively ( Figure 2c ).
The fitting model is
where B z is the observed magnetic field, k is a constant, h is the height of the sensor, x is the position, and x 0 is the position of the quasi-point dipole source (1-mm 3 cubic basalt sample).
The measurement consisting in the synchronous sample displacement and magnetic field measurement is conducted by an embedded LabVIEW real-time software running on a MyRIO unit with integrated 12-bit differential A/D converters (National Instruments). The output noise density of the fluxgate is less than 20 pT/Hz 1/2 at 1 Hz according to the supplier data sheet. The first-stage second-order low-pass filter (fc = 2.5 kHz) cuts the excitation signal of the fluxgate sensor itself, which is the main source of the noise. The acquisition system consists of a differential amplifier with first-order low-pass filter (gain = 1, fc = 140 Hz) and the 12-bit A/D converter of the MyRIO unit. The value of the least significant bit of this system is 48.83 nT and the full scale is ±100 μT. The oversampling method (averaging of 100 samples for 1 measurement) increases theoretically the apparent resolution by a factor of 10 (least significant bit ≈ 5 nT; Hauser, 1991) . This theoretical least significant bit has been confirmed by noise analysis ( Figure S1 ). The scanning is controlled by a LabVIEW software running on a personal computer. A wireless network communication enables the computer to be set up away from the sensor, which reduces electromagnetic interferences from the computer. It also cuts the noise propagating through the communication cables. The scanning speed can be chosen by the user. In all the measurements performed in the present study, the speed of scanning was less than 1 min per meter with measurement every~500 μm.
Fluxgate Scanner Performance

Spatial Resolution
Based on the fluxgate scanning of the millimetric basalt cube done to estimate the positioning error, a spatial resolution of 5.8 mm is observed ( Figure 3a ). We consider it as the maximum spatial resolution since the thickness of the measured continuous section will be a parameter affecting this resolution. In order to estimate the spatial resolution in the case of U-channel measurement, we placed a homogeneous ignimbrite prism of 20 × 20-mm area and 2.5-mm thickness in an empty U-channel. We magnetized the prism in the same way than the basalt. In this configuration the spatial resolution observed is 14 mm. The same prism measured with the Superconducting Rock Magnetometer (model 760R, 2G enterprises, inner diameter 40 mm) shows a spatial resolution of 47 mm, that is, 3.5 times lower than the fluxgate scanner ( Figure 3a ). The spatial resolution made possible by the optimized geometry of the fluxgate scanner is close to the spatial resolution of others proxies acquired on continuous sections like, for example, XRF measurements (e.g., Rothwell & Croudace, 2015) .
Magnetic anisotropy could generate an angle between the magnetizing field and the sample magnetization, thus biasing our scheme for relating the magnetization and the measured field. However, as magnetizing field is along the bedding, that is, usually the plane of easy magnetization, we do not expect serious anisotropy bias. Another directional problem could be the occurrence of a dip of the sediment in the U-channel. We quantified the effect of such dip on the signal position and intensity. For that, we tilted the ignimbrite prism enclosed in a U-channel by increasing angles then magnetized it perpendicular to the U-channel long axis and performed scanning after each tilting step. It turns out that even with a dip of 45°, there are almost no changes in field intensity while the maximum signal location moves by only a few millimeters ( Figure 3b ). Maximum locations were deduced using the same fitting model used for Figure 2c , x 0 being the position of the base of the prism.
Dynamic Range of Measurements
In order to estimate the dynamic range that can be measured by the fluxgate scanner, we compared magnetic field measured with the fluxgate scanner and magnetization measured with SRM for a cubic sample of homogeneous ignimbrite of 8 cm 3 (Figure 4 ). This comparison is done in the dynamic range in which the superconducting sensors (used to measure the magnetization in this calibration step) are not saturated. To achieve this condition, the ignimbrite sample was subjected first to anhysteretic remanent magnetization acquisition with stepwise increase of the bias DC field up to 400 μT (AC field of 100 mT) and second to stepwise acquisition of isothermal remanent magnetization up to 160 mT with the pulse magnetizer. By comparing the two types of measurements we obtain a quasi-perfect linear correlation (R 2 − 1 = 3 × 10 −4 ) between magnetic field (measured by our fluxgate sensor) and magnetization (deduced from the superconducting sensors; Figure 4 ). The error bars on Figure 4 correspond to the standard deviation calculated from the average of the five neighbor magnetic field values measured around the center of the sample. Considering a measurement step of~500 μm, it corresponds to an interval of 2.5 mm, far below the size of the ignimbrite sample, avoiding border effects on average calculation. Standard deviations are attributed to slight heterogeneities in the ignimbrite sample and in a lesser extent to the noise level. Considering a noise level of ±10 nT (max-min) and the relationship between magnetic field and magnetization (~20 nT for 0.1 Am; Figure 4 , right), we may consider a detection limit of 0.05 Am for 8 cm 3 , that is, on the order of 4 × 10 −6 Am 2 , as a reasonable estimate for the fluxgate scanner. This detection limit can be decreased by stacking, taking advantage of the low time consumption of the scanning procedure. It must also be noted that the detection limit is a little bit higher considering an increased distance of 2 mm between sample and sensor when the sample is enclosed in a U-channel. Indeed, the thickness of the U-channel wall reduced the signal of about 20% (dashed line in Figure 4 ). Concerning the upper limit of measurements, an extrapolation of the linear relationship between field and magnetization indicates that the fluxgate linearity limit of 35 μT corresponds to U-channel with magnetizations of more than 200 Am (Figures 3a and 4a ). For higher magnetizations, the fluxgate used in the present study would need a calibration correction.
Modeling Approach: From Magnetic Field to Magnetization and Estimation of the Distance Between Probe and Sample Base
The uniaxial magnetization intensity variations can be derived from the magnetic field measurements by discretizing the U-channel sample in a series of uniformly magnetized prisms.
The used formula for a single measurement along the core section (whatever its position with regards to the prisms) is
where B x is the uniaxial (along x) magnetic field intensity measurement in tesla, M i x is the uniaxial magnetization intensity of the ith prism in Am, and V i is the system of volume integrals (in cubic meters expressed along x) which relies the measurement position to the edges and corners of the ith prism (see in Plouff, 1976, equation 17 ).
Since the uniaxial magnetization intensity is the only unknown parameter for each prism, the resulting magnetization distribution can be computed by inversion of the data series using a classical least squares technique with bounds on the M i x variables (10 −14 < M i x < 10 5 Am; see Quesnel et al., 2008 , and references therein for a discussion on standard deviation values of the unknowns). It locally minimizes a cost function using a robust conjugate gradient method (Trust Region Reflective algorithm described in Branch et al. (1999) ) suitable for large sparse problems. This is a standard SciPy function in Python language that allows solving optimization problems. However, a calibration is needed to validate the modeling method with the used system. A first step consists in the investigation of the exact distance between the center of the fluxgate sensor and the base of the sample (called height hereafter). To determine this parameter, we used the data obtained from fluxgate scanning and magnetic moment measurement (using SRM) of the IRM acquired on the homogeneous ignimbrite prism of 20 × 20-mm area and 2.5-mm thickness in an empty U-channel presented in Figure 3a . From modeling, it turns out that the magnetization of 9.73 Am-value given by the SRM for calibration-is obtained for a distance between sample base and maximum signal probe at of 10.6 mm (Figure 5a ). The height is also characterized by a minimum in the root square residual. A change of ±1 mm of this height does not strongly affect the shape of the modeled response function with a difference for the maximum value not exceeding 10% (Figure 5b) . The misfit between model and data on both tails of the curve are attributed to interactions between the magnetic field lines and the shield. The estimated height is slightly lower than expected by the geometry of the device considering the fluxgate casing size (20 mm), the tray thickness (0.3 mm), and the U-channel plastic thickness (2 mm). It seems therefore that the maximum signal is not located in the center of the fluxgate probe casing.
The pertinence of the modeling approach was then tested using a real case study.
Case Study: The Cassis Paleolake Sediments
The studied paleolake (Romey et al., 2014) , with a dimension of approximately 500 m, is located in a small alluvial plain at 86-m altitude, 2 km from the Mediterranean Sea in Cassis (southeastern France; 43°13′33″ N, 5°32′32″E). From these lacustrine marls, a 50-m-long sedimentary core was retrieved using a SEDIDRILL 250-90 drill (CEREGE, C2FN-INSU).
Sediment Description
A high-frequency layering characterizes the sedimentary sequence with textural and color variations ( Figure 6 ). Peak Counter software (Marshall et al., 2012) was used for laminations counting from 11-to 50-m depth (under the oxidized zone) according to color and texture variations. In this depth interval, 4,250 layers were identified. This succession is an alternation of clayey and sandy layers from 1 mm to 50 cm thick. Overprinting this granulometric contrast, gray color variations from light gray to dark gray are also observed, sediments rich in organic carbon and/or sulfides being darker. Clayey laminations and dark gray layers indicate a quiet depositional process probably occurring in deep and anoxic depositional environment, whereas sandy levels are probably linked to hydrodynamic pulses (Romey et al., 2014) . Beyond paleoenvironmental implications, this high-frequency variation in sedimentary properties makes the sequence particularly attractive to test our high spatial resolution magnetic scanner.
Magnetic Mineralogy
Nine discrete cubic samples were extracted from various lithologies in order to characterize the magnetic mineralogy. Saturation Isothermal Remanent Magnetization (SIRM) was acquired at 3 T using a pulse magnetizer MMPM9 (Magnetic Measurements Ltd.) and measured with the SRM 760R (2G Enterprises). The thermal demagnetization of SIRM was performed with 12 temperature steps from room temperature to 630°C. Hysteresis loop and back field curves were obtained from the same lithologies using a Vibrating Sample Magnetometer MicroMag 3900 (Lakeshore).
Thermal demagnetization of SIRM, successfully performed for seven among the nine samples (two samples were damaged during heating procedure), provides a main unblocking temperature around 350°C and a secondary one near 600°C (Figure 7a ). Most samples have lost their initial SIRM at 350°C with a strong decrease of the intensity between 250°C and 350°C. This maximum unblocking temperature may indicate either greigite, pyrrhotite, or maghemite (Chang et al., 2008; Roberts, 1995; Roberts et al., 2011) . However, Figure 5 . (a) Results of the magnetic field modeling in terms of magnetization and root-mean-square residuals for various heights (distance between sample base and the fluxgate probe). (b) Stacked magnetic field scanning of the 20 × 20 × 2.5-mm ignimbrite slice in an empty U-channel and resulting modeling for predicted magnetization equivalent to the magnetization measured with the SRM. The optimal calculated distance between maximum signal within the fluxgate probe and sample base is 10.6 mm in order to fit the SRM calibration. The dashed lines correspond to the magnetic modeling with a distance probe/sample of ±1 mm. Note that the best fit for the topmost part of the response function corresponds to the lowest probe to sample distance. maghemite is excluded by the reduced state of the sediment, and greigite rather than pyrrhotite is the magnetic iron sulfide often described in lacustrine sediments affected by reduction processes (e.g., Demory et al., 2005) . For samples FB19 and FB28, 4 and 11.4% of the initial SIRM signal remain at 350°C and less than 0.3% remain above 600°C. This maximum unblocking temperature below 600°C is attributed to magnetite, stable in suboxic conditions. Magnetite and greigite are also confirmed by hysteresis measurements, which show single-domain and pseudo-single-domain characteristics for samples rich in greigite and magnetite, respectively (Figure 7b ). Hysteresis and backfield parameters display mostly high values of M r /M rs and low values of B cr /B c close to the SD/PSD limit (Figure 7c ). Samples located in the PSD and MD zones are characterized by low magnetization, this latter being carried by magnetite of variable grain sizes.
XRD and scanning electron microscope (SEM) analyses were performed on magnetic extract coming from FB28 and FB34b samples in order to confirm the presence of magnetite and greigite (Figure 8 ). SEM Figure 6 . Schematic sedimentary log of Cassis paleolake. A right-color photography of sediment is shown with color indication (Mussel code). The paleoenvironmental interpretation in the present study only concerns the nonoxidized sediments. The location of the three studied U-channels in the sedimentary sequence is also indicated.
(EDAX PhiZAF) observations were performed using partial vacuum and backscattered mode on nonmetallized samples and X-ray diffractometry was performed using a Philips PW3710 equipped with a cobalt anode (λ = 1.79 Å, measuring step of 0.025°, counting time of 10 s for FB28 and 9 s for FB34b). Characteristic peaks of magnetite (2.53 Å, 41.40°) are identified in Fb28, whereas greigite (2.98 Å, 34.93°) and mackinawite (5.03 Å, 36.93°)-a nonmagnetic iron sulfide-are identified in FB34b. Siderite (2.82 Å, 34.93°), an authigenic mineral often associated with greigite (e.g., Sagnotti et al., 2005) , was also detected (Day et al., 1977) . Element dispersion spectroscopy shows that the magnetite observed in FB28 sample is enriched in Ti and Cr, pointing toward detrital origin for this magnetic mineral. Magnetic analyses supported by SEM and XRD indicate that greigite is the only carrier of the magnetic signal in FB11, FB13, FB21a, FB21b, FB34, and FB34b samples. The magnetization of greigite being 59 Am 2 /kg (Chang et al., 2008) we can deduce that the percentage of greigite in the measured samples ranges from 0.01 to 0.36%.
Workflow
Three 1.5-m-long U-channels representative of the whole unaltered sequence were retrieved from the sediment cores at different depth ( Figure 6 ). Prior to the scanning, U-channels were passed through a Halbach cylinder (Figure 9a ) in order to produce an IRM perpendicular to the long axis of the U-channel and parallel to the fluxgate probe. The intensity of the magnetic field produced by the Halbach cylinder used is 0.6 T, a magnetic field strong enough to saturate sediments according to the magnetic mineralogy. It has to be noticed that Halbach cylinders suffers from magnetic deflections at their borders (Rochette et al., 2001) . In the present study, the most external sediments of U-channel passing through the "eight-magnet" Halbach cylinder suffer of a maximum deflection of 29°. By comparing magnetic scanning of samples subject to Halbach and pulse magnetization procedures, it turns out that the effect of the deflection produces a maximum discrepancy of 20 nT in the steepest signal transition that is negligible regarding the noise level and the positioning error (see Figure S2 ).
Once the magnetization is acquired, the magnetic field produced by the magnetized U-channel was scanned with steps every~500 μm (Figure 2a ). The magnetic field can be used as a rough estimate of relative concentration in magnetic minerals within the sediment. For a more quantitative approach, a modeling based on uniformly magnetized prisms is performed hereafter (Figure 9b and section 5.5). Figure 10 compares the high-resolution magnetic field scanning, gray levels determined from color images, XRF data (both acquired with the ITRAX system), and remanent magnetization determined with the Superconducting Rock Magnetometer (model 760R, 2G Enterprises) on section FB13. Gray levels were determined from color images using the Image Processing Toolbox from MatLab and are expressed in arbitrary units (AU) with values varying from 200 to 370 AU. XRF was performed at 2-mm resolution using an Xray fluorescence core scanner (ITRAX, Cox Analytical Systems) with a chromium X-ray source (45 kV, 30 mA) and a 20-s counting time.
Comparison of the Magnetic Field Variation With XRF, Gray Levels, and Low-Resolution Remanent Magnetization
The comparison between X component (direction of the expected maximum magnetization) and magnetization in SRM measurements ( Figure 10) shows that the magnetic signal is mostly unidirectional. Nevertheless, some tilts in the signal orientation exist in U-channel FB13 but they are restricted to very low magnetization intervals, that is, in interval where the magnetic field is not detected by the fluxgate scanner. Therefore, these tilts of the magnetic signal do not affect the interpretation of the magnetic field scanning. No significant tilt in the magnetic signal is observed in the other sedimentary sections (Figure 11 ).
Comparing magnetic field scanning with IRM measurement using SRM, magnetic field variation ranges from 0 to 2 μT for a magnetization ranging from 0 to 4 Am for U-channel FB13 (Figure 10 ). These ranges of variation are coherent with results from U-channel FB19 and FB32 which show maximum magnetization values of 2.5 and 2 Am for magnetic fields of 1.2 and 0.8 μT, respectively (Figure 11 ). Due to the higher spatial resolution, the intervals marked by a magnetic increase are narrower for the magnetic field record than for the SRM magnetization record.
The comparison of magnetic field variation with gray levels and XRF results show that most of magnetic field increases are observed in the darkest layers (highlighted by gray lines in Figures 10 and 11) . Nevertheless, the magnetic increase is sometimes restricted in an interval thinner than the dark level like between 40 and 50 cm in U-channel FB13 for instance ( Figure 10 ). Apart from some exceptions, this correlation is a general feature throughout the sedimentary sequence.
Correlation of magnetic field with XRF values is more difficult to define. Indeed, increases in sulfur, which should be linked to mineralization of highly magnetic greigite, mostly do not correlate with magnetic field peaks, except at 110 cm in U-channel FB13 (Figure 10 ). This misfit could be either due to oxidation of greigite or to its heterogeneous distribution in a single layer. Fe and Fe/Ti records show similarities which could be attributed to Fe mobility in the pore water linked postdepositional redox processes (e.g., Demory et al., 2005) . Some peaks of Fe/Ti correlate with magnetic field increases in U-channel FB13 (Figure 10) at 20, 30, 44, 75, 98, and 103 cm. Nevertheless, other intervals do not fit like at 90 and at 140 cm.
The comparison between magnetic field variation, magnetization, gray level, and XRF data show that modeling is needed in order to estimate the thickness and magnetization intensity of layers responsible for magnetic field variations.
Modeling the Sedimentary Record
Three discretization approaches were applied to model the magnetization variations in the studied sediment. First, an inversion using a sequence of uniformly magnetized prisms with a constant thickness was conducted. Theoretically, setting the smallest constant thickness (e.g., 1 mm) would give the best result to fit the magnetic field data. However, it numerically costs time and it leads to unrealistically high magnetization values (>1,000 Am). If we select a thickness on the order of the signal integration (about 14 mm), the RMS residuals are too large, especially for the strongest anomalies. Therefore, after several tests, 5 mm as standard thickness for all prisms was found to be the best compromise, fitting data, converging fast (few minutes for 300 prisms after scanning a 1.5-m core section) and leading to coherent modeled magnetization values for sedimentary sections. The results are shown in Figure 12a . The 773-nT RMS residual value is due to imperfect fitting of the peak of some intense and sharp anomalies (like at 900 and 1,000 mm of Z-distance). This incomplete fitting is due to the sample-sensor distance estimated at 10.6 mm, which may not be the best value for some magnetized layers in the core (see Figure 5b and section 4 of this manuscript for a discussion on this point). About five prisms have magnetization intensities higher than 10 Am.
In a second procedure, the discretization of the core section was based on the gray level records. Those records were smoothed using a sliding window, and the gradient was computed using second-order accurate central differences in the interior points and either firstor second-order accurate one-sided (forward or backward) differences at boundaries. Using this technique, it turns out that the number of prisms determined with gray level data is 132, that is, less half of the number using 5-mm constant thickness. The inversion of the magnetic field data using this configuration of "gray level prisms" (Figure 12b ) gives a best model with large RMS residuals (6,225 nT), in comparison to the "5-mm thickness" approach. Around 1,420 mm of Z-distance, the gray level prism fails to fit the corresponding large magnetic field anomaly of about 2 μT. The same failure is observed nearby 300 mm of Z-distance. This probably means that those sedimentary intervals are not magnetically homogeneous. On the other hand, at about 1,220 mm of Z distance, a thin (3 mm) 5-Am gray level prism succeeds in fitting the corresponding 200-nT anomaly, similarly to the corresponding 5-mmthick 2-Am prism of the constant thickness model (Figure 12a ). This shows that-sometimes-the 5-mm thickness could be reduced to better simulate the magnetic field signal. A third mode of inversion was performed (Figure 12c ), now using XRF data to constrain the thickness of the prisms. Better results than in the "gray level configuration" are obtained (RMS residual of 4,515 nT), but still this is far from the quality of the model using a constant 5-mm thickness. In details, the left side (top) of the U-channel seems to be well defined by this XRF discretization, but not on the right side of the section, where the "XRF prisms" seem to be too large to fit the corresponding magnetic field anomalies.
Therefore, the modeling based on constant and small thickness prisms gives the best description of the magnetic field variation. Comparison with sediment description and XRF-based models evidences intervals in which diagenesis and/or sedimentary facies may influence the magnetic signal. The fact that some magnetized prisms do not correspond to any features detected in the other proxies also unveils that the magnetic "scanning" approach is very powerful to decipher sedimentary issues. Another very important outcome from the modeling is the estimate of the intensity of magnetization. Indeed, whatever the modeling approach chosen in terms of prisms definition, the estimated magnetizations are much higher and restricted to some intervals ( Figure 12 ) than with measurements using Superconducting Rock Magnetometer (Figures 10 and 11 ), which present low-amplitude and low-frequency variations due to low spatial resolution. Using our modeling approach, it turns out that magnetic record is more likely due to small size prisms with magnetization up to 20 Am than large prisms with magnetization reaching 2 to 4 Am as shown by SRM measurements. Still the estimation of local magnetizations from measurements using either SRM or our fluxgate device strongly depends on the volume integration of each magnetic field data set itself. In order to solve the convolution problem due to volume integration, Oda and Shibuya (1996) proposed a statistical approach based on Akaike's Bayesian information criterion minimization. The algorithm was improved by incorporating new parameters to account for errors in sample measurement position and length and tested on 200 repeated measurements of a U-channel sample (Oda & Xuan, 2014; Xuan & Oda, 2015) . In the present study, the convolution of the magnetic field signal is minimized by the increased spatial resolution making a modeling approach based on a succession of uniformly magnetized thin prisms more optimal. In addition, the modeling of data acquired with the magnetic field scanner helps to estimate more realistic magnetizations because the scanner configuration optimizes the spatial resolution and the modeling calibration is adapted to the measured sedimentary section.
Conclusions
Our fully automated magnetic scanner has shown its ability to produce rapid and high spatial resolution measurements of the magnetic field locally generated by sediment magnetization at the contact of Uchannels. We have also shown that the scanner offers a magnetic parameter with spatial resolution (14 mm) approaching resolution of other high-resolution proxies. The spatial resolution can even be increased by fluxgate scanning of fine continuous samples (such as millimeter-thick rock slices). In this case, spatial resolution may reach 5.8 mm.
In the case study of the Cassis paleolake sediments, the comparison of results from the magnetic scanner with the gray levels and XRF results helped to constrain the process responsible for the magnetic concentration variation and mineral assemblage. The modeling approach based either on constant size prisms or prisms determined from gray levels and XRF allows the discrimination between sedimentary facies and diagenesis that influence the magnetic signal differently from a sedimentary interval to another. The high spatial resolution magnetic scanner coupled with a robust modeling approach offers therefore a powerful tool in sedimentology. Our approach shows that a much more in-depth interpretation of the remanence fluctuations versus gray level and XRF data would be desirable. This will be the subject of a forthcoming work, making use also of the organic matter signal.
Beyond this specific equipment dedicated to U-channel which can be easily upsized for larger sections (e.g., half cores), the choice of equipment to measure discrete samples or continuous sections of rocks has to be considered. A balance has to be found between sensitivity and spatial resolution depending on the type of measurement, the thickness of the continuous sample and the scientific question to be answered. Indeed, recent developments show the importance of adapting the equipment to the studied object (Uehara et al., 2017) .
